The RNA genome of tobacco etch potyvirus (TEV) was engineered to express bacterial 13-glucuronidase (GUS) fused to the virus helper component proteinase (HC-Pro). It was shown previously that prolonged periods (-1 month) of TEV-GUS propagation in plants resulted in the appearance of spontaneous deletion variants. Nine deletion mutants were identified by nucleotide sequence analysis of 40 cDNA clones obtained after polymerase chain reaction amplification. The mutants were missing between 1,741 and 2,074 nucleotides from TEV-GUS, including the sequences coding for most of GUS and the N-terminal region of HC-Pro. This region of HC-Pro contains determinants involved in helper component activity during aphid transmission, as well as a highly conserved series of cysteine residues. The deletion variants were shown to replicate and move systemically without the aid of a helper virus. Infectious viruses harboring the two largest HC-Pro deletions (termed TEV-2del and TEV-7del) were reconstructed by subcloning the corresponding mutated regions into full-length DNA copies of the TEV genome. Characterization of these and additional variants derived by site-directed mutagenesis demonstrated that deletion of sequences coding for the HC-Pro N-terminal domain had a negative effect on accumulation of viral RNA and coat protein. The TEV-2del variant possessed an aphid-nontransmissible phenotype that could be rescued partially by prefeeding of aphids on active HC-Pro from another potyvirus. These data suggest that the N-terminal domain of HC-Pro or its coding sequence enhances virus replication or genome expression but does not provide an activity essential for these processes. The function of this domain, as well as a proposed deletion mechanism involving nonhomologous recombination, is discussed.
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The potyviruses belong to the picornavirus-like supergroup of positive-strand RNA viruses and represent the largest and economically most important group of plant viruses (33) . The potyvirus genome of -10 kb codes for several replication-associated proteins, three proteinases, a single capsid protein typical of filamentous viruses, and accessory proteins necessary for processes such as aphid transmission and cell-to-cell movement (Fig. 1A) (20, 43) . All potyvirus proteins are derived by virus proteinasemediated processing of a single polyprotein. The nuclear inclusion protein a (NIa) proteinase is involved in the maturation of replication-associated and capsid proteins (9) . The P1 proteinase (also termed the 35-kDa proteinase) originates from the N-terminal region of the polyprotein and catalyzes cleavage only at its own C terminus (47, 48) . The helper component proteinase (HC-Pro), which is adjacent to P1 within the polyprotein, also self-cleaves at its own C terminus (8, 11) . Each of the proteinases is a multidomain protein with the proteolytic domain residing in the C-terminal region. The N-terminal domain of HC-Pro confers helper component activity, which is required for aphid-mediated transmission of potyviruses (3, 46) . Interestingly, both the N-and C-terminal domains of HC-Pro were previously found to have sequence similarities with the p29 protein encoded by the hypovirulence-associated virus (HAV) of Cryphonectria parasitica, a filamentous fungus that causes chestnut blight disease (14, 30, 38 In a previous study, we described the cloning of a fulllength DNA copy of the tobacco etch potyvirus (TEV) genome containing an insertion of a reporter gene coding for 0-glucuronidase, or GUS (18) (Fig. 1B) . Inoculation of plants with the corresponding RNA transcripts resulted in systemic infection and expression of GUS fused to the N terminus of HC-Pro (Fig. 1B) . This virus permitted monitoring of TEV replication and movement in planta by sensitive histochemical and fluorometric GUS assays. Although plant-to-plant transfer of TEV-GUS every 4 to 6 days resulted in stable retention of the foreign insert, prolonged propagation for several weeks in individual plants led to spontaneous deletions of the GUS sequence. These mutants also appeared to harbor deletions of the HC-Pro coding sequence (18) . The deletion of inserted heterologous genes was also described for three other dissimilar plant viruses (13, 19, 44) , although in these cases virus-specific sequences appeared to remain intact. In addition to providing insight into genome recombination and rearrangement, these data highlight a potential problem in the application of RNA viruses as expression vectors (1, 7) .
Here we report the sequencing and functional characterization of the several spontaneous TEV-GUS deletion mutants. We found that nearly all deletion variants were missing most of the GUS gene, as well as the region specifying the cysteine-rich, N-terminal domain of HC-Pro. Although these viruses were viable, they exhibited reduced levels of replication and were nontransmissible by aphids. Analysis of the deletion breakpoints implicated nonhomologous recombination as the likely mechanism of mutagenesis. (21) . In some cases, crude virus preparations from individual infected plants were obtained by the same method but with exclusion of the CsCl gradient step. Viral RNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation (12) .
Cloning and sequencing of spontaneous TEV deletion mutants. cDNA spanning the region of deletion in the GUS-HC-Pro coding sequence was obtained by reverse transcription of RNA from crude virus preparations followed by polymerase chain reaction (PCR). Reverse transcription and PCR were conducted according to established procedures (27) with only minor modifications, including the use of reverse transcriptase buffer from GIBCO BRL rather than PCR buffer in the initial step. The first-strand primer was complementary to TEV nucleotides 1456 to 1477 within the HC-Pro coding region (the numbering was in accord with Allison et al. [2] ), while the second-strand primer corresponded to nucleotides 781 to 799 within the P1 region. The first-and second-strand primers contained HindIII and BamHI recognition sequences, respectively, to facilitate insertion into the vector pTL7SN (39 (18) by the removal of 2 nonviral nucleotides separating the 5' terminus of the TEV sequence from the start site of SP6 RNA polymerase transcription (46a). The resulting plasmids, therefore, possessed the sequences surrounding the deletion breakpoints that were present in TEV-2del and TEV-7del. To generate fulllength copies of TEV genomes containing these deletions, the BstEII-BstEII fragment corresponding to TEV nucleotides 1430 to 9461 was isolated from pTEV7D (18) and was inserted into BstEII-digested derivatives of pTL7SN.3-0027DA. These plasmids were named pTEV7DA-2delr and pTEV7DA-7delr (Fig. 1B) . Viruses derived from transcripts of these plasmids were designated TEV-2delr and TEV-7delr (the "r" subscript indicates reconstructed virus). As a control, the same manipulations (reverse transcription, PCR, and subcloning) were performed with the wild-type TEV-HAT genome, resulting in plasmid pTEV7DAr.
Site-directed mutagenesis. The deletion mutant TEV-2del (and TEV-2delr) retained nucleotides 1 to 135 from GUS but lost HC-Pro sequence up to nucleotide 207 (Fig. 1B) . Two additional deletion variants were generated by site-directed loop-out mutagenesis of pTEV7DA-2delr (31) . The GUS sequence between nucleotides 10 and 135 was removed, resulting in pTEV7DA-AGUS. The HC-Pro deletion in pTEV7DA-2delr was enlarged by the removal of sequence corresponding to HC-Pro nucleotides 208 to 265, yielding pTEV7DA-AHC (Fig. 1B) .
In vitro transcription and inoculation of plants. RNA transcripts capped with m7GpppG were synthesized with bacteriophage SP6 RNA polymerase (Ambion) and CsCl gradient-purified, BglII-linearized plasmid DNA as described previously (10) . The undiluted transcription mixtures were applied manually to the leaves of young tobacco plants (10 ,ul per leaf, two leaves per plant) that were dusted with Carborundum.
Immunoblot analysis and Northern (RNA) hybridization. Total sodium dodecyl sulfate (SDS)-soluble proteins were extracted from leaf tissue by homogenization in 4 volumes of protein dissociation buffer (0.625 M Tris-HCl [pH 6.8], 2% SDS, 10% 2-mercaptoethanol, 10% glycerol) and were subjected to immunoblot analysis with anti-capsid or anti-HCPro sera as described previously (42) . Quantitation of capsid protein levels in leaf extracts was done by using capsid protein standards from purified virus and by densitometry of immunoblots with a Model 620 Video Densitometer (BioRad).
The isolation of total RNA from leaf tissue was as described previously (12) . RNA (5 ,g) was denatured by glyoxal treatment, separated by electrophoresis through a 1% agarose gel, and blotted onto a GeneScreen Plus membrane (DuPont). Northern hybridization was performed with a randomly primed, 32P-labeled probe prepared from a DNA (6) . Aphids were then transferred to a TEV-infected leaf and processed as described above. Infection of test plants was scored visually.
RESULTS
Spontaneous deletions of GUS and HC-Pro sequences in TEV-GUS. As demonstrated previously, the transfer of TEV-GUS from plant to plant at intervals of 4 to 6 days resulted in the stable retention of the GUS insert over seven passages (18) . Continuation of this experiment up to 21 passages for approximately 120 days further demonstrated the stability of the foreign insert under these conditions. Immunoblot analysis of total protein from the 21st passage plant revealed the full-size, GUS-HC-Pro fusion product (Fig. 2) . The level of GUS activity in this plant was comparable to that in plants from the early passages (data not shown). In contrast, prolonged propagation (3 to 4 weeks) of virtually all TEV-GUS-infected plants led to deletion mutants encoding HC-Pro-related proteins that were considerably smaller than GUS-HC-Pro (Fig. 2, lanes 1 to 12) . Several of these variants, all of which were found in systemically infected leaves, expressed HC-Pro forms that were smaller than the wild-type protein (52 kDa), indicating that these mutants contained deletions of GUS and HC-Pro (Fig. 2) , suggesting that the deletion phenomenon was specific to TEV carrying the foreign gene.
Mapping of TEV-GUS deletion endpoints. Virions and corresponding RNA were purified from six individual plants infected by TEV-GUS deletion variants expressing HC-Prorelated proteins of various sizes. The regions overlapping the deletion sites were copied by reverse transcription, amplified by PCR, cloned in a plasmid, and sequenced. Analysis of 40 cDNA clones revealed nine different deletion variants ( Table  1) . The deletions ranged from 1,741 to 2,074 nucleotides in length, showing almost complete loss of the GUS gene in all mutants. Each mutant, however, retained a short segment of between 9 and 135 nucleotides from the 5' end of the GUS sequence. All but one of the variants also was lacking between 15 and 265 nucleotides from the 5'-terminal region of the HC-Pro coding sequence. Interestingly, in no cases were the 5' and 3' deletion endpoints entirely within the GUS coding region. All deletions that were mapped resulted in preservation of the open reading frame and in some examples led to the formation of new hybrid codons at the junction sites. Two of the six plants analyzed contained multiple deletion mutants, although in both instances one type predominated among the population recovered (Table  1) . No mutants contained multiple deletions, nor were non-GUS or non-HC-Pro sequences located at the junctions, suggesting that the deletions were generated by the removal of contiguous genome segments.
The relative positions of the 5' and 3' deletion endpoints are presented diagrammatically in Fig. 3 . It is striking that all of the 5' endpoints cluster within a 130-nucleotide region of the GUS gene, whereas the 3' endpoints all map to the first 265 nucleotides of the HC-Pro sequence. The alignment of sequences flanking the endpoints of deletions failed to reveal any common elements of primary structure (data not J. VIROL. shown). In fact, the extent of homology of sequences surrounding the junction sites did not exceed 2 nucleotides in any of the mutants. Similarly, no nucleotide preferences at the deletion endpoints were evident ( Table 1) .
Replication of virus derived from DNA copies of TEV genomes containing the largest HC-Pro deletions. The fact that the deletion mutants were able to spread systemically suggested that the HC-Pro region lacking in the mutants was not essential for virus replication and intraplant movement. Since it was possible that these plants also contained a low level of nondeleted TEV-GUS providing functions necessary for these processes, uniform virus populations were prepared for the two variants (TEV-2del and TEV-7del) containing the largest HC-Pro deletions. An -350-nucleotide segment covering the deletion site in both genomes was amplified by PCR and inserted into pTEV7DA, generating pTEV7DA-2delr and pTEV7DA-7delr. The resulting constructs harbored the deletion in a wild-type TEV-HAT background and lacked any other sequence changes potentially present in the original mutants. As a control, the corresponding genome segment from wild-type TEV-HAT was amplified and cloned in pTEV7DA to produce pTEV7DA,.
Between 60 and 100% of plants inoculated with synthetic transcripts from pTEV7DA,, pTEV7DA-2delr, and pTEV 7DA-7delr became infected systemically, demonstrating conclusively that the mutants were capable of replication and movement independent of a helper virus. The appearance of systemic symptoms at 4 days postinoculation was observed with plants infected by TEV-HAT and the deletion mutants. The appearance of systemic symptoms in plants inoculated with TEV-GUS, on the other hand, required 5 postinoculation days. Immunoblot analysis using anti-HCPro serum indicated that the two reconstructed deletion variants encoded truncated HC-Pro-related proteins, whereas the reconstructed wild-type virus expressed a normal-size product (Fig. 4, lanes 3) . Although the N-terminal HC-Pro sequences clearly were not essential for virus viability, it was noticed that the levels of HC-Pro appeared to be considerably less in plants infected by the mutants than in those infected by wild-type TEV-HAT (Fig. 4) . Also, the level of GUS-HC-Pro fusion protein in TEV-GUS-infected plants appeared less than that of HC-Pro in plants infected by TEV-HAT (Fig. 2) . To determine more precisely the levels of replication of wildtype and mutant viruses in systemically infected tissue, the relative amounts of capsid protein and virus RNA were measured by immunoblot and Northern blot analyses, respectively.
The insertion of GUS into the viral genome in TEV-GUS decreased the yields of capsid protein and RNA to levels of 15 and 9%, respectively, of those in the wild type ( Fig. 5A  and C) . effect on the accumulation of virus. TEV-7del, which specified 3 amino acid residues from GUS but possessed an HC-Pro deletion to residue 89, yielded even less viral protein and RNA, at 8 and 6% of the wild-type levels, respectively ( Fig. 5A and C) . In contrast, plants infected by TEV-2del, which coded for 45 residues of GUS but lacked 66 HC-Pro residues, accumulated capsid protein and RNA at 25 and 17% of the wild-type levels, respectively ( Fig. 5A and C) . TEV-2del, therefore, replicated to a degree approximately three times higher than that of TEV-7del.
The differences between the two spontaneous mutants may have been due to the presence of the short GUS sequence having a stabilizing effect in TEV-2del or to the larger deletion within TEV-7del affecting a critical function of HC-Pro. To distinguish between these two possibilities, two site-directed mutations were introduced into pTEV7DA-2delr. In the first, pTEV7DA-A&GUS, the GUS sequence between nucleotides 10 and 135 was deleted, leaving a short GUS region equivalent to that present in TEV-7del. In the second, pTEV7DA-AHC, the HC-Pro deletion was extended from nucleotides 207 to 265, corresponding to the sequence missing in TEV-7del (Fig. 1B) . Immunoblot analysis with HC-Pro-specific antibodies revealed the truncated HC-Prorelated products of the expected sizes in plants inoculated with transcripts from the two mutants (Fig. 4B, lanes 4 and  5) . On the basis of the apparent quantities of HC-Pro deletion products in these plants, TEV-AGUS replicated better than TEV-2delr and TEV-AHC. This was confirmed by quantitation of the levels of capsid protein and RNA in systemic leaves. Compared with TEV-2delr, TEV Relative virus RNA levels in total RNA extracts were determined by measuring radioactivity from a 32P-labeled probe bound to Northern blots. Two independent samples are shown in each case. For comparative purposes, note that data shown in panels A and C were collected from contemporaneous samples in one experiment, while data in panels B and D were from another set of contemporaneous samples.
directed an average of approximately 70% more capsid protein and RNA, while TEV-AHC directed less of these products ( Fig. SB and D) . This demonstrated that the presence of the GUS fragment and the absence of additional HC-Pro sequence both conferred a debilitating effect on virus accumulation.
Transmission of TEV mutants by aphids. The abilities of aphids to transmit TEV-HAT, TEV-GUS, TEV-2del, and TEV-7del were tested. Transmission assays demonstrated that only TEV-HAT possessed an aphid-transmissible phenotype ( Table 2 ). The lack of transmission of TEV-GUS, TEV-2del, and TEV-7del could have been due to functional defects in the mutant HC-Pro proteins and/or to the decrease in mutant virus titers and corresponding low concentrations Table 2 ). The inability to transmit TEV-GUS or TEV-7del with the aid of prefeeding was due most likely to low levels of virus accumulation (Fig. 5A and  C) . DISCUSSION Possible mechanism of generation of the spontaneous deletion mutants. The sequence analysis of several deletion mutants demonstrated a random distribution of deletion endpoints inside relatively short segments near the 5' ends of the GUS and HC-Pro coding regions (Table 1 and Fig. 3) . Inspection of the sequences of TEV-GUS RNA in and around the deleted regions and computer-assisted analysis of putative secondary structure did not reveal any common structural determinants (data not shown). Considering these observations, and by analogy with other positive-strand RNA viruses (24, 32), we propose illegitimate or nonhomologous recombination as the likely deletion mechanism.
Can a nonhomologous recombination mechanism explain the clustering of 5' and 3' deletion endpoints observed in this study? It is clear that in single-stranded RNA viruses this mechanism involves template switching of RNA polymerase, or copy choice, during RNA synthesis and that for poliovirus this occurs during the production of minus-strand RNA (24, 28, 32) . The apparent bias for deletion endpoints within short stretches of sequence may be due simply to random dissociation or reassociation of template and replicase (bound to the nascent strand) followed by selection of viable and/or advantageous variants. Such a mechanism has been also proposed by others on the basis of studies of recombination with coronaviruses (5) and pestiviruses (35, 36) . The recombinants selected would be those that have lost only elements nonessential for replication and movement. Given that no mutants with deletion endpoints upstream of the GUS gene or downstream of codon 89 in HC-Pro were identified, the P1 protein and the central and/or C-terminal segment of HC-Pro may be indispensable for virus viability in plants. Alternatively, the clustering of deletion endpoints may be due to the increased dissociation frequency of virus RNA polymerase during transcription of the foreign sequence, perhaps depending on the presence of unusual primary or secondary structure. Reassociation of the replicative complex may occur preferentially on authentic TEV sequences, explaining our inability to find 3' deletion endpoints within the GUS gene. The credibility of this explanation suffers, however, in that it requires template dissociation or reassociation during positive-strand synthesis, which contradicts the established recombination mechanism of poliovirus.
Curiously, tobacco vein mottling potyvirus (TVMV) mutants lacking 45 or 225 nucleotides from the 5' end of the HC-Pro sequence were nonviable (41a). These TVMV variants were generated by site-directed deletion techniques rather than by spontaneous mutagenesis. The differences in viability for similar types of TEV and TVMV mutants may be due to actual differences in the roles of HC-Pro during virus replication. On the other hand, the replicative abilities of the TEV mutants may reflect the selection of rare tolerable variants from a large pool of predominantly inactive recombinant genomes. Given that the presence of GUS has a negative effect on virus accumulation (Fig. 5) , deletion mutants lacking the GUS sequence should have a replicative advantage over parental TEV-GUS. The inhibitory influence of GUS may be a consequence of several factors, including interference with HC-Pro function, the increased length of the viral genome, and the introduction of unusual sequence elements that are not favored by the viral polymerase. Some deletion variants may be selected even though they replicate more poorly than the parental virus. For TEV-7del, which accumulated to a level lower than that of TEV-GUS in systemic tissue, the loss of GUS may have increased the rate of virus movement, an idea supported by the more rapid appearance of virusinduced symptoms on systemic leaves.
No deletions were observed in TEV-GUS during 21 rapid plant-to-plant transfers when passages were made every 4 to 6 days (Fig. 2) . In contrast, plants infected for 4 to 5 weeks with TEV-GUS consistently spawned deletion variants (Fig.  2) (18) . Over a short infection period, the probability of the appearance of advantageous deletion variants may be low. Furthermore, new competitive variants would have little time to multiply and increase within the replicating pool. The lack of deletion mutants appearing in each subsequent transfer may be explained by a genetic bottleneck effect in which relatively few infectious units are passed from one plant to another, thereby excluding the transfer of low-titer variants. Generation and domination of deletion mutants after prolonged periods may reflect an increase in the virus population in the whole plant and therefore an increased probability for recombination.
The instability of TEV-GUS after prolonged infection periods also has relevance for the use of TEV as an RNAbased expression vector, a proposition made previously. The deletion of large foreign genes from several recombinant RNA plant virus genomes has been documented previously (13, 19, 44) . The utility of TEV as a short-term (>21-day), high-level expression vehicle may be high, while its use as a vector during the entire vegetative life of a host plant is doubtful.
Functions of the N-terminal domain of HC-Pro. Analyses of sequence conservation between HC-Pro of potyviruses; HC-Pro-related protein of barley yellow mosaic bymovirus, a bipartite relative of the potyviruses; and p29 of HAV, the hypovirulence-associated virus-like agent of C. parasitica, revealed three potential domains. These include a cysteinerich, N-terminal domain present in the potyviral and HAV proteins, a central domain specific for potyviruses, and a C-terminal proteinase domain conserved among all three groups (16, 26, 30, 46) . The sequence deleted from TEV-2del and TEV-7del composed the N-terminal domain, including the cysteine-rich motif GX8GX13GX4GX2G (Fig. 6 ). The facts that these mutants could replicate, move from cell to cell, move systemically, and assemble into virions indicate that the N-terminal domain of HC-Pro is not a factor essential for these processes. This region is required, on the other hand, for aphid-mediated transmission of potyviruses. Analysis of naturally occurring variants and in vitro-generated mutants has shown that lysine at position 54, which is within the cysteine-rich motif, is critical for helper component function (3, 41, 46) . The lack of aphid transmissibility of TEV-2del and the partial restoration of transmission by prefeeding of aphids on active HC-Pro from a heterologous potyvirus (Table 2) 6 . Schematic representation of functional domains in HCPro. Given that viable virus with HC-Pro deletions up to amino acid residue 89 could be recovered, the N-terminal region indicated above the map is considered nonessential for replication and movement. The lysine residue at position 54 is required for helper component activity during aphid-mediated transmission, according to studies of the related potyvirus TVMV (3). The cysteine-rich motif, which is highly conserved among potyviruses, is indicated by the black box on the left. Essential residues in the proteolytic domain, including the catalytic residues Cys-345 and His-418 (39) and the residues around the cleavage site, Gly-459 and Gly-460 (8) , are shown. Numbering of amino acid residues is from serine at position 1 in HC-Pro (34, 47) .
activity. Although both TEV-2del and TEV-7del were viable in plants, their yields of virus RNA and protein were significantly reduced in comparison to that of TEV-HAT, suggesting a potential accessory function of HC-Pro in viral replication. A similar reduction of virus accumulation was observed when either of two point mutations affecting residues within the N-terminal domain was introduced into the TVMV genome (3). We cannot exclude, however, the possibility that the TEV deletion and TVMV point mutations disrupted or destabilized a cis-acting RNA element important for replication.
Interestingly, several other unrelated viruses, including barley stripe mosaic virus and tobacco rattle virus, encode small, cysteine-rich proteins that are nonessential to virus replication, cell-to-cell movement, and encapsidation in plants (22, 40) . Further, the cysteine-rich domain in p29 of HAV is dispensable for replication (15) . In the barley stripe mosaic virus example, deletion of part of the -yb gene, which codes for a 17-kDa cysteine-rich protein, had a debilitating effect on virus protein accumulation, similar to deletion of the HC-Pro N-terminal sequence. A regulatory role involving RNA binding has been proposed as a potential function for barley stripe mosaic virus -yb protein, as well as for cysteine-rich proteins of several other plant positive-strand RNA viruses (23, 25, 29, 37) . The ability of HC-Pro to bind RNA is not well-characterized, although HC-Pro has affinity for several polyribonucleotides (45) . Note that, regardless of their specific biochemical functions, the cysteine-rich proteins are encoded by plant viruses with relatively large genomes (>8,000 nucleotides). Through the capture of accessory protein genes such as these during virus evolution, additional levels of regulation may have been achieved along with the potential to acquire novel viral functions like vector transmissibility (17 
